The relationship between CO2 concentration and starch synthesis and degradation was studied by measuring leaf starch content and disappearance of '4C-starch. At a concentration of 340 microliters CO2 per liter, starch accumulated without degradation of previously synthesized starch. Degradation of starch began when CO2 concentration was lowered, but its synthesis continued. At 120 microliters CO2 per liter rates of synthesis and degradation were equal. Even at the CO2 compensation point, synthesis of starch continued. Concomitant starch synthesis and mobilization supported export from the leaf. Changes in starch metabolism that occur when photosynthesis is COrlimited provide a means to study regulation of starch metabolism and carbon allocation in translocating leaves.
Translocation of assimilates is controlled by regulating export from source leaves and by partitioning of the translocated compounds among sinks (9) . Maintenance of carbon balance among plant organs is attained by control of carbon flow within and out of photosynthesizing leaves. Carbon metabolism regulates the availability ofcarbon compounds to various processes, including export, thereby allowing the plant to adjust its physiological state in a changing environment.
Products of photosynthesis destined for export are partitioned among several source leaf pools (4, 5, 7, 9) . In sugar beet, the major mesophyll carbohydrate pools are sucrose, hexoses, and starch (7) . Regulation of allocation among these pools provides sufficient carbon reserves to support translocation during periods of low or zero NCE3 while maintaining a pool of sucrose for immediate export of carbon from the leaf.
Many plants, including barley (12) , use sucrose as a major form of storage carbohydrate. Gordon et al. (12) have characterized the pattern of carbohydrate allocation in barley. During the day, leaf sucrose increases 2-to 3-fold (dry weight basis) and is also exported. Starch accumulates to a smaller extent. At night, leaf sucrose export occurs for 8 to 9 h before starch mobilization begins (13, 14) , possibly in response to partial depletion of the sucrose pool.
By contrast, starch is the major carbohydrate reserve in leaves of sugar beet, with sucrose being relatively less important in this regard. At night, starch mobilization maintains export of sucrose from source leaves in these plants. The important for carbon balance, is closely controlled. Regulation of the metabolism of starch in source leaves is not understood well. Because starch is the major source of carbon during the night (7) its accumulation likely will decrease only with a relatively serious disruption of carbon supply. Whereas adjustment of starch accumulation to lowered NCE may be made directly by lowering synthesis rate, concurrent synthesis and breakdown ofstarch have been reported in illuminated chloroplasts (23) and intact plants (6, 16 Following the second labeling period, paired source leaves were allowed to photosynthesize at a CO2 concentration at 340 Ml 1' (air) for 2 h followed by a period at lowered CO2. Starch accumulation was determined at 15-min intervals. As a consequence of using mixtures of N2 and air to achieve the treatments, 02 concentration was reduced, reaching approximately 5% 02 (v/v) for the 75 MAl CO2 1' mixture. CO2 compensation point, approximately 50 A 1-', was obtained by circulating gas in the closed system without addition of CO2.
To determine the NCE rate and corresponding CO2 concentration at which net starch accumulation was 0, CO2 concentration was lowered from 340 to 200 Ml I' and then, in increments of 25 Ml -', to compensation point. Each level was maintained for 2 h and leaf samples removed at 1-h intervals. This study of stepwise -reduction was repeated on the leaves during the next day.
Subsequently, the carbohydrate status of source leaves at 340
Md1' and at 120 Ml I`or at compensation point was compared. Treated leaves were sampled at 25-min intervals to determine starch and sugar content. The large number of samples and the limited area of the leaf allowed only two punches to be removed at each sampling time. Processing of the disks was modified by using half the volume described above for the final extract and digestion volumes. Petiole Girdling. The effect of inhibiting export on leaf carbohydrate under lowered NCE was studied by heat killing a length of petiole 1 cm below the lamina prior to lowering CO2 concentration.
RESULTS
Rates of starch accumulation were measured at various NCE rates obtained by systematically lowering the concentration of CO2 in the atmosphere around a leaf (Fig. 1) . Near CO2 compensation point, changes in starch content per area of leaf resulted not only from reduced starch synthesis but also from an observed decrease in area attributed to water deficit that developed as stomatal aperture incrased at low CO2. To allow for the shrinkage, starch content was expressed on a dry weight basis (Fig. IB) as well as on an area basis (Fig. IA) . The CO2 concentration range that resulted in zero starch accumulation was 115 to 120 ,Ml I-'. NCE and starch accumulation rates in air and 120 Md CO2 1-' for other sugar beet plants are presented in Table I , confirming the near-zero starch accumulation rate at this CO2 level.
Carbohydrate pool changes that resulted from lowered carbon (Fig. 4) . (Fig. 6) . Sucrose was the only sugar observed to respond to lowering to the CO2 compensation point. The sucrose level in the leaf was constant at 39 Mg C cm-2 prior to lowering of CO2 concentration around the source leaves (Fig. 7) . Plant Physiol. Vol. 76, 1984 response to water stress induced by prolonged exposure to low CO2 concentrations. This aspect is being investigated currently.
To examine changes in carbohydrate pools that occur under reduced carbon supply when loss of carbon from the leaf is limited by phloem blockage, the CO2 concentration for the treated source leaves was lowered from 340 to 85 ul I`and the petiole of one leaf was girdled subsequently. Net starch degradation occurred when CO2 concentration was lowered but starch accumulation began again when the petiole was girdled (Fig. 8) . Similarly, sucrose declined to a new level, 50% of the former level at 340 gl I-', when CO2 was lowered to 85 Il 1' but sucrose accumulated after the petiole was girdled (Fig. 9) Figure 8 . Labeling protocol as in Figure 3 ; symbols as in Figure 8 . contribute to this change.
Starch Accumulation under Reduced NCE. Limiting availability of newly fixed carbon by lowering CO2 concentration from 340 to 200 Ml 1-' had only a small effect on the rate of starch accumulation (Fig. 1) . Consequently, it seems that less carbon was available for export but this remains to be confirmed. Carbon derived from photosynthesis appeared sufficient to supply carbon for various processes without markedly diminishing starch accumulation. Below 200 Ml CO2 1-', a decrease in CO2 concentration had a much greater effect on the rate ofstarch accumulation. Here, the diminished supply of carbon caused net accumulation of starch to lessen, likely along with carbon allocation to other uses. Below 1 5 to 120 Ml CO2 1' starch metabolism shifted from net accumulation to net degradation, a change that appeared to maintain a lowered amount of carbon for processes, the continuation of which have high priority, such as export from the leaf ( Table I) .
Role of Synthesis and Degradation of Starch. When the CO2
concentration was maintained at 340 ± 15 gl I' starch accumulation was observed in sugar beet leaf blades (Fig. 2) but turnover ofstarch was not observed (Fig. 3) . Since the total starch pool was at 40 to 60% of isotopic saturation at the beginning of the chase period and unlabeled carbon was being fixed, it is unlikely that starch degradation could occur without being de (Fig. 2) . Initially, a decline in starch occurred that we attributed to a stopping of starch synthesis. Synthesis slowly recovered and equaled degradation by the end of the 90-min adjustment period. Although net starch degradation was not observed at 120 M1 1-' following the adjustment period, radioactivity continued to be lost from the starch pool (Fig. 3) . On the assumption that the time when starch is made does not control the order of starch breakdown, the rate of starch turnover was determined to be 0.50 Mg C cm-2 min-'. The calculation is based on the specific radioactivity of starch at 120 min (0.31 nCi g-'C) and the rate that 14C was lost from starch (slope in Fig. 3) . Because of reincorporation of 14C from degraded starch during starch synthesis, this number is likely an underestimate. A similar value (0.58 Mg C cm-2 min-') was obtained from the initial loss of starch when starch synthesis appeared to cease after the C02 concentration was lowered. Starch accumulation following the 90-min adjustment period was nearly zero, indicating that the rate of synthesis balanced the rate of degradation.
Further lowering of CO2 concentration to compensation point resulted in net loss ofstarch (Fig. 4) . The rate ofstarch breakdown (Table II) estimated from the loss of 14C from starch ( Fig. 5) (6) . As a result, the CO2 concentration declined to 100 uzl`, a level at which degradation of starch might be expected to occur, based on our data (Fig. 1) . Following the labeling period the cottonwood plants were placed in air and loss of 14C from starch ceased 0.5 to 4.5 h into the chase period. Starch degradation is expected to cease in the light at ambient CO2. In tobacco leaves under continuous illumination (16) , loss of 14C from starch began 6 to 24 h into the chase period and continued to 96 h. Accumulation of starch occurred during this time. In sugar beet leaves, starch accumulation ordinarily slows near the end of the light period to which the plant is entrained (7) . Simultaneous synthesis and degradation appear to occur only under conditions of serious limitation of carbon fixation in intact leaves of sugar beet plants.
Regulation of Starch Metabolism. Light is an important factor regulating flow of carbon in chloroplasts (18) , modulating key enzymes of the reductive and oxidative pentose pathways, glycolysis, and starch metabolism (1, 3) . In addition, upon illumination there is alkalinization ofthe stroma, changes in metabolite levels, and alteration of the reduction state (3). These changes are possible factors in regulation of starch metabolism and may lead to the amylolytic attack of starch needed to initiate degradation (2) . The results of this study indicate that whatever its effects, light does not prevent degradation of starch under low NCE.
A major portion of newly fixed carbon is exported. Reduction in carbon fixation rate in tomato leaves results in lower export rates until a minimum rate is reached (15) . Further reductions in NCE do not alter export rate but do lower the rate of carbon accumulation. Below NCE rates of 1 mg C dm-2 h-' (0.17 Ag C cm-2 min-'), Ho (15) observed net loss of carbon from the leaf. In our study, net loss of starch occurred at rates below 0.24 Mg C cm-min-' confirming the observation of Ho. Net degradation of starch was proposed to provide a minimum amount ofcarbon for high priority uses such as export from the leaf. When export from a sugar beet leaf with net starch degradation was limited by girdling the petiole, accumulation ofstarch began (Fig. 8) . Translocation appears to be a major consumer of the carbon derived from starch mobilized during the light at low CO2. Quantitative FOX AND GEIGER aspects of this topic are being studied currently.
The responses to lowered NCE demonstrate that starch metabolism is a highly regulated process. Mechanisms by which ADPglucose pyrophosphorylase, a key enzyme in the synthesis of starch, may be regulated have been well characterized (20, 21) .
While CO2 concentrations below 120 gl I' induced starch degradation, they did not appear to eliminate starch synthesis via ADP-glucose pyrophosphorylase. Little is known about the regulation of the enzymes that degrade starch. Failure to identify specific effectors led to speculation that starch degradation is an unregulated process that results in a futile cycle of synthesis and degradation (20) . Our data indicate that this is not true under some conditions in sugar beet leaves and that both starch synthesis and degradation are subject to considerable regulation. Regulation ofstarch degradation and its relation to export require further study.
